Bending elasticity and thermal fluctuations of lipid membranes. Theoretical and experimental requirements J. F. Faucon (1) , M. D. Mitov (2) , P. Méléard (1) , I . Bivas (2) and P. Bothorel (1) (1) Centre de Recherche Paul Pascal, C.N.R.S., Domaine Universitaire, 33405 Abstract. 2014 Thermal fluctuations of giant lipid vesicles have been investigated both theoretically and experimentally. At the theoretical level, the model developed here takes explicitly into account the conservation of vesicle volume and membrane area. Under these conditions, the amplitude of thermal fluctuations depends critically not only on the bending elasticity of the bilayer, but also on the membrane tension and/or hydrostatic pressure difference between the interior and exterior of the vesicle. At the experimental level, the determination of the bending modulus kc first requires the analysis of a large number (several hundred) of vesicle contours to obtain a significant statistics. Secondly, the contribution of the experimental error on the contour coordinates, which results in a white noise on the Fourier amplitudes, must be eliminated, and this can be done by using the angular autocorrelation function of the fluctuations. Finally, the amplitudes of harmonics having short correlation times must be corrected from the effect of the integration time (40 ms) of the video camera, which otherwise leads to an overestimation of kc. All these theoretical and experimental requirements have been considered in the analysis of the thermal fluctuations of 42 giant vesicles composed of egg phosphatidylcholine. The behaviour of this population of vesicles can be accounted for with a bending modulus kc equal to 0.4 -0.5 x 10-19 J, and extremely low membrane tensions, ranging below 15 10-5 mN/m.
Introduction.
Biological membranes are an essential constituent of every living cell. Their mechanical properties are closely related to the problem of cell stability and resistance to extemal influences, and hence have become the subject of increased attention. Considering the membrane as an infinitely thin layer of liquid crystal and applying the ideas of liquid crystal physics, Helfrich [1] has demonstrated that the mechanical state of a membrane element can be completely characterized specifying its area and principal curvatures. The stretching elastic energy per unit area, F,, is given by the expression [1] :
where v-is the bilayer tension, So is the equilibrium area of the membrane element (e.g. the area at zero membrane tension), S is the deformed area of the same element, and ks is the stretching elastic constant. The mechanical experiments of Kwok and Evans [2, 3] yield ks = (140 ± 16 ) mJ/m2 for egg lecithin bilayers.
When a small piece of membrane is bent, the bending elastic energy per unit area, Fc, is given, according to Helfrich [1] , by the expression :
where cl and c2 are the principal curvatures of the membrane, co is the spontaneous curvature (co :0 0 if the two monolayers have different composition or they face different environments), kc and kc are the elastic constants for cylindrical bending and saddle bending, respectively.
The first attempt to measure the curvature elastic modulus, kc, was made by Servuss et al. [4] . Analysing the thermal shape fluctuations of long tubular vesicles they obtained k, = (2.3 ± 0.3 ) x 10-19 J, for egg lecithin membranes. Later on, Sakurai and Kawamura [5] evaluated kc = 0.4 x 10-19 J by bending myelin figures in a magnetic field. Measuring the time correlation function of the shape fluctuations of long cylindrical tubes [6] , as well as giant spherical vesicles [7] , Schneider Here, p and if are the effective dimensionless pressure and tension, respectively, and co is the spontaneous membrane curvature. Equation (15) All the functions that are extremals of the functional (13) are solutions of the EulerLagrange equation (15) . In the case that uo is a function that minimizes 37 {uo} we must have :
The last term in the above equation represents the contributions originating from the fluctuations of the total vesicle area and conjugated to them fluctuations of the membrane tension. Generally, the second variation of a functional like (16) It is easily seen that for each n # 0, there are two possibilities : either 03BBn ( 03C3 p ) = 0 or An -0. As far as À n depends on the index n, if for a given value n we have 'k n 0, then for all the others we would have k n (ô:, p) =A 0, and therefore Amn = 0. Using equations (25, [10] , and therefore the membrane tension does not vary when the excess area, s, is changed. The amplitudes of the elliptical modes (n = 2, m 1 --2) adjust themselves to fit the available excess area. In our model it is Àz(u,p) that vanishes, the membrane tension, u(s), and the hydrostatic pressure, p (s ) are functions of the excess area, s. We have U = -6 (p = -12), both becoming more and more negative when the excess area is increased. This result is in agreement with the conclusions made by Deuling and Helfrich [11, 12] as well as those of Jenkins [17] , both obtained on the basis of numerical solution of the exact nonlinear equivalent of our Euler-Lagrange equation (15 [7] . For a vesicle of radius R =10-5 m (10 03BCm) and kc = 10-19 J a tension of u = 2 x 10 -5 mN/m leads to a twofold decrease of the amplitudes of second harmonics, U2 (t ). For a small vesicle of radius R =10-8 m (100 Â) the tension producing the same effect is a = 20 mN/m, a value one order of magnitude higher than the membrane rupture tension, 2 -3 mN/m, as reported by Kwok and Evans [2] . Due to the relation p --2 ôF, the same two-fold decrease of U2(t) can alternatively be produced by osmotic effects of as low as 2 x 10-9 M concentration difference for a giant vesicle (10 (Fig. 1) . The primed quantities can be expressed as functions of nonprimed ones and developed in series with respect to w « 1 and 0 « 1, keeping only the terms up to the second order. The quantities w = w (t) and 03C8 = 03C8 (t) are both unknowns that have to be determined from equations (43).
We calculate the radius, p' (t ), of the equatorial cross-section defined by equation (37), but now we use (p' ( q; " t ), q;') instead of (p ( cp, t ), cp ) : The first term in the above equation coincides with expression (39) and the last is a consequence of the fact that the center of the cross-section is fluctuating around the vesicle center. The displacement itself is a first order effect, given by U; l(t) amplitudes, but its influence on the cross-section radius is of second order.
Using the same approach we calculate the experimental autocorrelation function, 03BE ( y , t), given by the relation (40), but now we use (p' (Cf", t), ~) instead of (p (cp, t), cp).
Keeping only the terms up to the second order we calculate the experimental autocorrelation function, 1 ' ( y ) = 03BE ( y, t) :
We see that the experimentally calculated autocorrelation function has the same form as the theoretical one except the extra P 1 (cos y )-term. Equation (45) [10] . Comparing the expressions for the correlation time (see [10] ) with that for the mean squared amplitudes (34) one can see that they are related :
where q is the viscosity of the medium surrounding the vesicle membrane. We see that, as a result of the camera integration, the value of the experimentally measured quantities, Bn, is modified by a factor depending on the ratio between the camera scan time, ts, and the correlation time of the respective modes :
Using an iterative procedure, the best values of the correction factor and Bn were calculated from the experimental amplitudes Bn, and the corrected values, Bn were used in equation (47) [8] . The squared Fourier amplitudes for a given contour were obtained by multiplying these theoretical values by random numbers obeying a X 2-distribution. These amplitudes were then randomly decomposed into the sine and cosine components of the Fourier series, which allowed the angular dependence of the radius of the simulated contour to be computed. A Gaussian noise could then be added to the vesicle radius, with a chosen standard deviation, in order to account for the experimental errors on the contour coordinates. These simulated contours were further analysed in the same way as the experimental ones.
An example of such a simulation is shown in figure 3 . In this case, 40 contours, which roughly corresponds to the number used in the previous works [8, 15] , have been generated Fig. 3 . -Simulated data : values of kc versus the order n of fluctuations. 40 contours were generated, using k, = 10-19 J, Ir = 0, and a mean vesicle radius equal to 100 pixels. No Fig.) and dependence of kc versus the order n (right Fig.) . Four hundred contours were generated, in the presence (full line) or absence (dotted line) of a Gaussian noise equal to 1 % on the vesicle radius. Entered values for simulations: kc = 10-19 J, 03C3= 0, and mean vesicle radius = 100 pixels.
Another interesting point is worth mentioning. It can be seen that the autocorrelation functions obtained either with or without noise are almost identical, except in one point, y = 0. So, the noise contributes to the autocorrelation function mainly in the form of a 8-function at y -0, as already pointed out in [15] , and it has practically no effect on the values of kc calculated from the Legendre amplitudes, Bn, of the autocorrelation function.
When the analysis of these simulated data is performed by direct Fourier decomposition of the contours, as in [8] , the presence of noise leads to an important decrease of kc for wavevectors q 8 (Fig. 5) . The noise contribution can be considerably reduced in this case as well, but an appropriate white noise have to be subtracted from the Fourier amplitudes, as shown in figure 5 .
Finally, we should mention that the accurate value of kc can be recovered from simulated contours generated with initial values of J ranging from 0 to 200, even in the presence of a 1 % Gaussian noise on the vesicle radius (data not shown).
All the preceding simulations have been performed assuming that the time resolution of video is much higher than the frequency of the fluctuations, which is obviously not the case when high order harmonics are considered. So, an attempt has been done to quantify this effect by using the correction factor (52) derived above. As a first approximation, the theoretical mean-squared Fourier amplitudes of the contours were multiplied by this factor, taking the video time ts = 40 ms, and using the relation (51) to calculate the correlation times Tn of the respective modes. An example of what can be obtained is shown in figure 6 , the entered values being in this case : kc = 0.5 x 10-19 J, J = 50, vesicle radius = 100 pixels, figure 6B . The solid line represents the values of kc versus the wavevector q of fluctuations, without taking into account the effect of if and the white noise contribution. As expected, the entered positive value of if leads to large values of k, at low wavevectors. A plateau is observed for q = 10 with kc = 0.8 x 10 -19 J, then k, decreases for q . 19 . It is interesting to note that the decrease of kc at high q is much less pronounced than in the case of figure 5 , when the effect of integration time is not included. These data clearly demonstrate that the contributions of the Gaussian noise and the effect of video integration time act in opposite way on the final result. However, in this case, the noise contribution prevails over the effect of correlation times, so that a decrease of kc is still observed.
The dashed line in figure 6B represents the values of kc obtained after white noise subtraction and after introducing J = 35. A constant value of kc 0.75 x 10 -19 J, once again very different from the entered one, is then obtained for q 12. 7. Experimental results and discussion.
7.1 EXAMPLES OF GIANT EPC VESICLES. -An example of experimental data is shown in figure 7 , for a vesicle of 19.4 03BCm in diameter : 384 contours have been analysed, either using the autocorrelation function and its decomposition into Legendre amplitudes Bn (Fig. 7A, B) , or by direct Fourier analysis of the contours (Fig. 7C) .
As can be seen in figure 7B , different behaviours are observed depending on the criteria used to fit the Legendre amplitudes, Bn, of the autocorrelation function. When the only criterium used is X R ,1, up to 16 amplitudes can be fitted (Fig. 7B, solid line) , and kc = (0.69 ± 0.03 ) x 10-19 J with J = 26 ± 2 is obtained. It is noteworthy that kc increases for orders n --14, as expected if the video time is larger than the correlation times of these modes. When the analysis is limited to the first few amplitudes, having correlation times larger than 0.16 s (i.e. at least fourfold larger than the video time), the dotted line in figure 7B , with kc = (0.44 ± 0.1 ) x 10-19 J and u = 47 ± 15 is obtained. Finally, when the correction factor is used as described in the preceding section, a good fip up to n = 21 can be obtained, with kc = (0.40 ± 0.02) x 10-19 J and J = 55 ± 5.
The Fourier analysis of the contours of the same vesicle is presented in figure 7C . When u is taken equal to zero (solid line), kc first decreases at low wavevectors, q, due to the small excess area of the vesicle. Then a plateau is reached around q = 10, and finally, an increase is observed for q &#x3E; 15 . In this case, therefore, the noise contribution to the measured Fourier amplitudes is smaller than the effect due to the video integration time. The comparison of the experimental data with the simulations for a vesicle of nearly the same characteristics, in the presence of 1 pixel Gaussian noise (Fig. 6B) , seems to indicate that the experimental noise on the vesicle radius is significantly less than the indicated value. Using = 26, the dotted line in figure 7C is obtained, and k, = 0.7 x 10-19 J remains practically constant for q ' 13. The behaviour is quite similar to that obtained from the Legendre amplitudes of the autocorrelation function (Fig. 7B, solid line) . The result from the analysis of contours obtained after such additions of digitized images is presented in figure 8 . A vesicle of radius 14 itm was used in this case. The analysis has been performed either as usual, on single images (solid line), or after summing two (dotted line) or four (dashed line) successive images. Figure 8A shows the dependence of kc on n when the only criterion taken into account is (B) considering only modes with n = 5; (C) after introducing the correction factor (Eq. (52)).
When the analysis is limited to the first few amplitudes only (having the longest correlation times), figure 8B is obtained. The kc values are very close to each other at low orders, therefore, the integration time has practically no effect on these modes. But, one can observe an increase of kc with n, which is much larger when the number of added images is higher.
Finally, the correction factor has been introduced for the analysis of these data, using 40 ms, 80 ms, and 160 ms as integration times (depending on the number of summed images). As can be seen in figure 8C, Finally, the vesicles have been analysed using the correction factor as already discussed. However, only the amplitudes corrected by less than a twofold factor have been considered. In these conditions, as many as 42 vesicles can be correctly fitted on more than 5 amplitudes with X R _ 1, and the obtained distribution of kc is plotted in figure 10A . kc is obtained by considering only the long correlation time amplitudes. For comparison, the histogram obtained with the same vesicles, but without correction factor and using as criterion only X R ,1 on at least 4 amplitudes, is represented in figure 10B . As can be seen, the distribution is then very broad and, when fitted with a single Gaussian, the first peak leads to kc = (0.80 ± 0.24 ) x 10-19 J.
It is interesting to consider the behaviour of some other physical properties of the studied vesicles. The size distribution of the 42 vesicles well-fitted using the correction factor is represented in figure 11A . Their diameters range from about 10 jjum to 40 03BCm, with a maximum centered around 20 03BCm. However, when the criterion used is the correlation time of harmonics, as in the histogram of figure 9B , only the large-size vesicles (with diameters larger than 18 03BCm, dotted line in Fig.11A) , are retained.
The membrane tension can be calculated from U, using equation (15) . As shown in figure 11B , the distribution is broad with values between (0 -15 )10 x -5 mN/m for most of the analysed vesicles. An interesting point is that the long correlation time vesicles exhibit a sharper distribution, at low values of the membrane tension (0 -3 ) x 10-5 mN/m. figure 11 , which shows that only vesicles of about 20 f.Lm or more, with o, --3 x 10-5 mN/m, satisfy such drastic conditions. Moreover, even with these very large vesicles, only few amplitudes can be analysed, typically between 4 and 7. This necessarily leads to a loss of precision in determining kc and if, and to a broadening of the final histogram.
Another way of taking into account the effect of the integration time is to introduce a correction factor in the analysis, as described in section 3. The validity of this factor is entirely based on the assumption that the experimentally determined contours correspond to the mean values of the actual contours over the integration time, a hypothesis not quite obvious. However, at least two features argue for the usefulness of this correction : (i) it leads to values of kc very close to those obtained from the long correlation time harmonics, and (ii) it allows the « good » value of kc to be recovered after summation of two or four digitized images, provided that the integration time ts is multiplied by a factor two or four, respectively.
At the theoretical level, it is now clear that the assumption for the independence of the different fluctuation harmonics, made in previous studies [9, 15] 
